Failures of zirconia-based all-ceramic restorations appear to be predominantly chips and fractures in the porcelain veneer, from occlusally induced sliding contact damage. We hypothesized that such failure may be substantially mitigated by controlled grading of the elastic modulus at the ceramic surface. In this study, we fabricated graded structures by infiltrating glass into zirconia plates, resulting in improved aesthetics and diminished modulus at the surfaces. Individual plates were then embedded in epoxy or cemented to dental composites and subjected to single-or multi-cycle sliding contact. Plates of porcelain-veneered zirconia and monolithic zirconia served as controls. Graded zirconia-glass structures exhibited over 3 times better resistance to single-cycle sliding damage than monolithic zirconia and 25 times better than veneered zirconia, and had a fatigue sliding damage resistance comparable with that of monolithic zirconia. These zirconia-glass materials can be engineered in shades from white to yellow, and have potentially better cementation properties than homogeneous zirconia.
InTRODuCTIOn
M etal-ceramic retainers (MCRs) have been the most common choice for aesthetic fixed prostheses over the past 50 years. Long-term clinical studies have revealed that while MCRs are structurally sound, several clinical performance deficiencies persist (Walton, 1999 (Walton, , 2003 Burke and Lucarotti, 2009 ). The gray metal framework and opaque oxides make it difficult for natural tooth aesthetics to be imitated in situations where space is limited or where lighter shades are needed (Pjetursson et al., 2007) . Additionally, the gingival tissues may recede over time; if a metal collar is used, the dark margins can become visible. In either case, the restoration is then easily identified as a false tooth. Finally, dental alloys, especially cast-metal alloys, are subject to corrosion; the effect can range from degradation of appearance to loss of mechanical strength (Lang et al., 1982; Davis, 2003; Prochazkova et al., 2006) . The corrosion products can produce a bluish-gray pigmentation of gingiva and oral mucosa and cause local and systemic hypersensitivities, especially in immunologically susceptible individuals (Khamaysi et al., 2006; Valentine-Thon et al., 2006; Venclikova et al., 2006 Venclikova et al., , 2007 .
Compared with MCRs, zirconia-based all-ceramic restorations exhibit better biocompatibility and greater aesthetic potential. Zirconia-based all-ceramic restorations are also easier to fabricate than MCRs. Zirconia frameworks are produced by the milling of either fully sintered or partially sintered zirconia blocks, a process that is more rapid and less labor-intensive relative to the lost-wax casting process for metals (Christensen, 2009) . Applying an aesthetic veneer over a zirconia framework is no more difficult than applying similar materials over metal. However, clinical research and practice have revealed that zirconia-based all-ceramic restorations fail at a greater rate than MCRs (Sailer et al., 2007b (Sailer et al., , 2009 Christensen, 2009 ). The failures of zirconiabased restorations appear to be occlusion-related chips and fractures of the overlay aesthetic veneer, and not fractures of the strong underlying framework (Vult von Steyern et al., 2005; Raigrodski et al., 2006; Sailer et al., 2007a; Tinschert et al., 2008; Ortorp et al., 2009) . Therefore, there is a need to develop a contact-damage-resistant all-ceramic restoration that does not compromise the aesthetics of the overlay ceramic.
In this paper, we present a new concept that improves the resistance to occlusal contact damage of ceramic restorations by utilizing a zirconia-glass functionally graded material. A low-modulus glassy surface dissipates surface bending stress, rendering the graded zirconia-glass material superior in flexural capacity relative to monolithic zirconia (Zhang and Ma, 2009 ). Since glass is used to infiltrate the accessible surfaces of zirconia, a graded zirconiaglass material possesses much-improved aesthetics. The glass-rich intaglio surface (cementation surface) can be acid-etched and silanized to facilitate a resin-cement bond (Zhang and Kim, 2009) . With a simple staining technique Graded Zirconia Glass for Resistance to Veneer Fracture or the application of a thin overlay ceramic, the graded zirconiaglass material offers an aesthetic option for damage-resistant inlays, onlays, Maryland bridges, crowns, and fixed partial dentures in the posterior regions.
MATERIAlS & METHODS
The zirconia material used to produce graded structures was fabricated from a fine yttria-stabilized zirconia powder (TZ-3Y-E grade, Tosoh, Tokyo, Japan). This material has a flexural strength of 1.1 GPa and a coefficient of thermal expansion (CTE) of 10.4 x 10 -6°C-1 (Zhang and Ma, 2009 ), properties comparable with those of commercially available dental zirconias. A slurry of a silicate glass composition with matching CTE (Zhang and Kim, 2009; Zhang and Ma, 2009 ) was applied to the top and bottom surfaces of heat-treated zirconia plates (1350°C for 1 hr in air). The coated plates were then heated to 1450°C for 2 hrs, producing an infiltrated glass/zirconia/glass (G/Z/G) structure (Fig. 1a ). After the plates cooled, we removed the surface excess glass by polishing. Monolithic zirconia controls were sintered at 1450°C for 2 hrs. Heating and cooling rates were 900°C/hr in all cases. G/Z/G and monolithic Y-TZP plates were prepared in 2 dimensions: 12 x 12 x 2.5 and 12 x 12 x 1.5 mm. For comparison purposes, porcelainveneered zirconia plates 15 mm in diameter and 1.5-mm thick (1 mm porcelain, 0.5-mm zirconia, LAVA, 3M ESPE, St. Paul, MN) were fabricated following manufacturer's specifications. The top surfaces of the ceramic plates were polished to 1-μm finish.
Previous studies have established that posterior tooth-tooth occlusal contact can be visualized as a spherical indenter sliding down an inclined flat surface (DeLong and Douglas, 1983; Kim et al., 2008; Krejci et al., 1999) (Fig. 1b ). We performed sliding contact tests using a ceramic ball-on-flat-surface arrangement to determine the critical normal load for the onset of surface cracks under single-cycle loading and the resistance to fatigue damage under multi-cycle loading. Load was delivered to the top surface of the plates with a hard tungsten carbide (WC) sphere (radius 1.5 mm) in a mouthmotion simulator (Elf 3300, EnduraTEC Division of Bose, Minnetonka, MN, USA) in water. For single-cycle sliding tests, 2.5-mm-thick G/Z/G and Y-TZP plates and 1.5-mm-thick veneered-Y-TZP were individually embedded into two-part epoxy (Leco, St. Joseph, MI, USA) with only the top, polished surface exposed. (Thick G/Z/G and Y-TZP plates used were simply to avoid flexural fracture.) For multi-cycle tests, plates (1.5-mm thick for all specimen groups) were cemented (RelyX Unicem, 3M ESPE) to a dental composite block 4 mm in thickness with lateral dimensions matching those of G/Z/G, Y-TZP, or to veneered zirconia plates, respectively (Z100, 3M ESPE). The composite blocks were incubated in water at 37°C for 1 mo before cementation to allow for any hydroscopic expansion.
Single-cycle sliding tests were conducted in a biaxial mode. The indenter comes into contact with the specimen surface and loads to the prescribed maximum, while the specimen holder translates horizontally at constant velocity v = 2 mm/ sec for at least 0.7 mm (Fig. 1c ). This produces a steady-state wear track. The range of normal loads (P n ) varied between 30 N and 2000 N, with loading and unloading rates at 2000 N/sec.
We conducted multi-cycle sliding contact tests using an occlusallike loading profile with the specimen surface tilted at an inclination angle θ = 30° [off-axis loading ( Fig. 1d) ]. Load (P) was applied in the vertical direction, but with contact−load−slide−liftoff sequence: i.e., the indenter in contact with the specimen, loading to a maximum while sliding down the surface to create a wear facet, unloading, and lifting off from the specimen surface. A maximum fatigue load P = 200 N and a loading frequency f ≈ 2 Hz were selected to simulate restorations subject to occlusion. Fatigue tests were interrupted after a prescribed number of loading cycles, and the specimen was inspected for damage at the top surface by means of a 3D polarized microscope (Model H-160, Edge Scientific Instrument Corporation, Marina del Ray, CA, USA). The specimen was then indexed and re-introduced to the mouth-motion machine for continued testing.
Three specimens were used for each prescribed load level per test per specimen type. We sectioned and polished selected specimens to evaluate the extent of subsurface damage.
RESulTS
The pertinent features of damage sustained in the surfaces of ceramic plates following the single-cycle sliding test in water are illustrated by optical micrographs (Fig. 2) . The sliding direction is from left to right. For porcelain-veneered zirconia, the critical normal load to cause surface cracking in the overlay porcelain was P n ≈ 80 N. An example of damage in the porcelain surface induced from a translating WC sphere under normal load P n = 120 N is shown in Fig. 2a . A sequence of incomplete ring cracks (herringbone cracks) formed along the sliding wear track. Some of the ring cracks extended downward to form deep penetrating partial cone cracks (Lawn, 1967; Kim et al., 2007) . For graded glass/zirconia surfaces, however, no significant fracture was observed on the wear track following frictional sliding under normal loads up to P n = 2000 N ( Fig. 2b) . For monolithic Y-TZP, which is recognized for its excellent wear resistance (Hannink et al., 2000) , the critical normal load to initiate surface ring cracking was P n ≈ 600 N ( Fig. 2c ). Note that two faint incomplete ring cracks formed along the wear track in this last case. Well-developed herringbone cracks formed during frictional sliding under normal load P n = 1000 N (Fig. 2d) . A previous study revealed that, under these same conditions, the herringbone cracks extended into partial cone cracks, propagating 30 to 40 μm into the bulk of Y-TZP (Kim et al., 2010) .
Fatigue sliding contact responses of veneered zirconia, G/Z/G, and monolithic Y-TZP on composites are shown in Fig.  3 . For off-axis loading of porcelain-veneered zirconia, a set of herringbone cracks formed at the first contact−load−slide−liftoff cycle at P = 200 N in water. After 100,000 loading cycles, extensive surface wear occurred (surface view), and the partial cone cracks penetrated the entire porcelain veneer, arresting at the veneer/core interface (section view) (Fig. 3a) . For off-axis loading of graded G/Z/G and monolithic zirconia, a smooth teardrop-shaped wear track formed (surface view) after 1,000,000 cycles at P = 200 N in water (Figs. 3b, 3c) . A section view revealed that a small amount of surface material had been removed due to wear, but no significant cracks were evident (Figs. 3b, 3c) .
The appearance of the graded G/Z/G frameworks, along with a comparative monolithic Y-TZP framework that has only connector areas infiltrated with white glass shade, is shown in Fig.  4 . The G/Z/G frameworks exhibited a glossy appearance and varied in shade between white and light yellow (Figs. 4a, 4b) , whereas the Y-TZP framework was white (Fig. 4c) . Additionally, the interior of G/Z/G also contained a residual glass layer and a graded glass/zirconia layer, which could potentially facilitate an etching-silane adhesion procedure.
DISCuSSIOn
This study investigated sliding contact damage resistance of a graded zirconia-glass material (G/Z/G) relative to the monolithic Y-TZP control and a commercial porcelain-veneered zirconia system. Our findings demonstrated that the critical normal load for the onset of herringbone cracks in G/Z/G was 2000 N, over 3 times higher than that of monolithic Y-TZP (600 N) and 25 times higher than that of porcelain (80 N). Additionally, G/Z/G had a fatigue sliding damage resistance comparable with that of monolithic zirconia, an order of magnitude better than that of the porcelain-veneered zirconia.
Posterior restorations are subject to sliding contact fatigue under relatively high bite forces. The poor mechanical properties of porcelain (particularly low strength and toughness) combined with residual thermal stresses (induced from mismatch in CTE and thermal diffusivity between the porcelain veneer and zirconia core) (Swain, 2009 ) make the overlay porcelain susceptible to sliding contact damage, resulting in high incidence of veneer chipping and fracture. In an effort to prevent veneer fracture, some dental labs propose to use monolithic Y-TZP for fixed-prosthesis restorations. Fracture of dental ceramics is associated with crack initiation and propagation. In terms of crack initiation, the normal load to initiate sliding damage in zirconia with a 1.5-mm radius sphere contact is ~600 N, over 7 times higher than that of the overlay porcelain. Additionally, under a nominal chewing force of 200 N, extended fatigue tests (10 6 cycles) using the same sphere contact showed no crack formation in monolithic Y-TZP. In porcelain-veneered zirconia at 200-N load, herringbone-like partial cone cracks formed in the first sliding cycle and propagated to the veneer/core interface at ~100,000 cycles.
Our findings suggest that monolithic Y-TZP should indeed meet the structural demand for posterior applications. However, Y-TZP has much higher hardness and elastic modulus compared with those of natural enamel, which can cause excessive wear of the opposing dentition. Additionally, zirconia has an unnaturally white opaque appearance. The newly developed G/Z/G material can provide the wear resistance as well as the necessary aesthetics. Guided by analysis, we can design G/Z/G with better strength (Zhang and Ma, 2009) and contact damage resistance than zirconia, while retaining surface physical and optical properties similar to those of porcelain.
The exceptionally high resistance to sliding contact damage of graded zirconia-glass material needs further elaboration. The lowmodulus glassy surface effectively dissipates the near-contact porcelain-veneered zirconia. In clinical practice, we propose to preserve this thin residual glass layer as a glazed layer. Should a fatigue crack form, it will be contained within the glass-rich layer. Cracks are inhibited from propagating out of a low-modulus and low-toughness glassy layer into the high-modulus and hightoughness zirconia layer (Kim et al., 2006) . Additionally, the current tests were done on flat specimens, where G/Z/G demonstrated a superior resistance to sliding contact damage. For closer simulation of the clinical situation, further studies with anatomically correct crowns and fixed partial dentures are necessary.
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Discussions with Dean Mersky, Brian Lawn, and Van Thompson are gratefully acknowledged. This research was sponsored by a US NIH/NIDCR grant (1R01 DE017925, P.I. Zhang) and an NSF grant (CMMI-0758530, P.I. Zhang). stresses and improves the sliding damage resistance of G/Z/G. As a result, G/Z/G possesses three-fold increased resistance to single-cycle sliding relative to monolithic Y-TZP. In the case of multi-cyclic sliding, assuming dominant slow crack growth (SCG) mechanics, the number of cycles to initiate the herringbone cracks for a given load, P, is determined by a fatigue relation, n I = (P c /P) N/2 , where P c is the critical load for the onset of the herringbone cracks in single-cycle load and N is a velocity exponent for the indented material (Zhang et al., 2005) . With experimentally measured values N = 30 and N = 19, and P c = 600 N and P c = 2000 N for monolith Y-TZP and G/Z/G in water, the number of cycles for initiating herringbone cracks in Y-TZP and G/Z/G would be 1.4 x 10 6 and 3.2 x 10 9 , respectively, for a nominal load of 200 N in water. Given the relatively high toughness of Y-TZP, it would take even more cycles to propagate partial cones.
We acknowledge that, in the current study, a residual glass layer (~ 50 microns thick) has been polished away from the surface of the graded structure, creating a flat surface for damage evaluation relative to polished surfaces of monolithic Y-TZP and
